Defects in the phosphoinositide 3-kinase (PI3K) pathway are shared characteristics in several brain disorders, including the inherited intellectual disability and autism spectrum disorder, fragile X syndrome (FXS). PI3K signaling therefore could serve as a therapeutic target for FXS and other brain disorders. However, broad inhibition of such a central signal transduction pathway involved in essential cellular functions may produce deleterious side effects. Pharmacological strategies that selectively correct the overactive components of the PI3K pathway while leaving other parts of the pathway intact may overcome these challenges. Here, we provide the first evidence that disease mechanism-based PI3K isoform-specific inhibition may be a viable treatment option for FXS. FXS is caused by loss of the fragile X mental retardation protein (FMRP), which translationally represses specific messenger RNAs, including the PI3K catalytic isoform p110β. FMRP deficiency increases p110β protein levels and activity in FXS mouse models and in cells from subjects with FXS. Here, we show that a novel, brain-permeable p110β-specific inhibitor, GSK2702926A, ameliorates FXSassociated phenotypes on molecular, cellular, behavioral, and cognitive levels in two different FMRP-deficient mouse models. Rescued phenotypes included increased PI3K downstream signaling, protein synthesis rates, and dendritic spine density, as well as impaired social interaction and higher-order cognition. Several p110β-selective inhibitors, for example, a molecule from the same chemotype as GSK2702926A, are currently being evaluated in clinical trials to treat cancer. Our results suggest that repurposing p110β inhibitors to treat cognitive and behavioral defects may be a promising disease-modifying strategy for FXS and other brain disorders.
INTRODUCTION
Signaling through the phosphoinositide 3-kinase (PI3K)/mechanistic target of rapamycin (mTOR) pathway is altered in several brain disorders, suggesting shared underlying disease mechanisms and potential therapeutic targets [1, 2] . One prominent example of a mental disorder that has been associated with defects in the PI3K/mTOR pathway is fragile X syndrome (FXS) [3] . FXS is an inherited intellectual disability and often associated with autism. In most cases, it is caused by the transcriptional silencing of the fragile X mental retardation gene 1 (FMR1), which leads to loss of the fragile X mental retardation protein (FMRP) [4] . FMRP is a messenger RNA (mRNA)-binding protein that regulates the translation of specific mRNAs. In the absence of FMRP, general protein synthesis, as well as the translation of many of its target mRNAs, are dysregulated [5] [6] [7] , but it is unclear which of these proteins or mechanisms are the most suitable and effective targets for therapeutic interventions. In the initial studies revealing molecular and cellular dysfunctions in FXS, signaling through the metabotropic glutamate receptors 1 and 5 (mGlu1/5) was found to be exaggerated [8] , and thus suggested as therapeutic target [9] . So far, clinical trials using mGlu1/5 antagonists have not shown the expected results [10, 11] , which has initiated efforts to identify and test other treatment strategies Apart from mGlu1/5, many additional neurotransmitter receptor pathways are affected in FXS, including Gq-coupled, TrkB, or dopamine receptors [3] . These findings hint towards a defect within common downstream signaling molecules, and indeed, PI3K, extracellular signal-regulated kinases 1/2, and mTOR/S6K1 signaling are altered in FXS mouse models and patient cells [3, 4] . The PI3K complex is of special interest, because several components of this signaling pathway have been identified and confirmed as mRNA targets of FMRP, for example, the PI3K catalytic isoform p110β [14] [15] [16] [17] [18] [19] . We have recently shown that genetic reduction of p110β rescues molecular, cellular, behavioral, and cognitive deficits in FXS mouse models [20] . Genetic rescue provides motivation to consider pharmacologic strategies. P110β-selective inhibitors reduce tumor growth in animal models and are currently being evaluated for the use in humans with cancer [21, 22] . However, the efficacy of p110β inhibitors in animal models of mental disorders has not been tested before. Here, we show that a novel potent central nervous system (CNS)-penetrant PI3K antagonist (GSK2702926A (GSK6A)) from the same chemotype as a compound that is currently tested in clinical trials for cancer and with high selectivity for the catalytic isoform p110β, rescues phenotypes on molecular, cellular, behavioral, and cognitive levels in Fmr1 knockout (Fmr1 KO ) and knockdown mice. Our results suggest that PI3K isoform-selective inhibitors developed for cancer treatment could be considered for repurposing as a disease mechanism-targeted treatment in FXS.
MATERIALS AND METHODS

Animals
Fmr1
KO mice maintained on a C57BL/6 background and C57BL/6 wild-type (WT) mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Sprague-Dawley rats and Crl:CD-1-Foxn1 mice for pharmacokinetic studies were obtained from Charles River Laboratories (Burlington, MA, USA). The animal protocol was approved by the Institutional Animal Care and Use Committees of Emory University, NYU, CCHMC, and GlaxoSmithKline, and complied with the Guide for the Care and Use of Laboratory Animals. For details on breeding schemes and age of experimental mice see Supplementary Materials and Methods.
Drugs, antibodies, and lentiviral vectors GSK6A was synthesized at GlaxoSmithKline (for details see ref. [23] ) and injected intraperitoneally at a dose of 5 mg/kg (0.01 g/ml in 10% dimethyl sulfoxide (DMSO) (BioWorld, Dublin, OH)). Vehicle control was 10% DMSO. A description of antibodies and viral vectors is provided in Supplementary Materials and Methods.
SDS-PAGE and western blotting Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting were performed as described previously [20] . Where applicable, tissue was collected for 1.5 h (Fig. 1c, d ; Figs. S2a-d, S3a-f) or 1 h ( Fig. 5d; Figs . S2g-i, S3g-j) or 1 and 24 h (Fig. S2e, f ; as indicated) after drug injection. Equal amounts of protein were loaded in duplicates. Molecular weight standards were run on every gel, and signals were detected by autoradiography. Contrast of scanned western blots was enhanced using Photoshop CS6 (Adobe Systems, San Jose, CA, USA). Details on brain tissue dissection are provided in Supplementary Materials and Methods.
Protein synthesis assay Four hundred-micrometer-thick hippocampal slices from 3-to 6-week-old Fmr1 KO mice and WT littermates were prepared as described [24] and submerged in oxygenated artificial cerebrospinal fluid (ACSF) treated with vehicle or 1 µM GSK6A. After 30 min, 1 µg/ml puromycin (Invitrogen, Carlsbad, CA, USA) was added. Forty-five minutes later, slices were flash frozen on dry ice and stored at −80°C. For analysis, slices were lysed using sonication [18] . Equal amounts of protein were loaded on a SDS-PAGE and analyzed by puromycin-specific western blotting and densitometry using ImageJ (NIH, Bethesda, MD, USA). Signal from hippocampal slices without puromycin treatment was subtracted as background.
Dendritic spine analysis Dendritic spines of pyramidal neurons in the hippocampal CA1 area (bregma levels −1.8 to −2.2) were analyzed in 65-70-day-old mice that had received daily injections of GSK6A or vehicle for 10 days using the FD Rapid GolgiStain Kit from FD Neurotechnologies, Inc. (Columbia, MD, USA) as described previously [20] . Brains were harvested 1 h after the last injection. After Golgi impregnation, 160-µm-thick slices were stained according to the manufacturer's guidelines and imaged using a Nikon inverted microscope with a 60x oil objective. Dendritic spine numbers were counted using ImageJ. Analyzed dendritic segments from secondary apical dendrites were between 50 and 150 µm in length, and at least 100 µm distant from the soma. We analyzed 4-5 brains per condition, 5-7 neurons per brain, and 1-2 dendrites per neuron.
Hippocampal mGluR-LTD (S)-3,5-dihydroxyphenylglycine (DHPG)-induced metabotropic glutamate receptor-long-term depression (mGluR-LTD) on hippocampal slices from 3-to 6-week-old WT or Fmr1 KO mice was performed as described previously [24] . Mice were injected with GSK6A or vehicle and euthanized after 1 h. Four hundred micrometer-thick hippocampal slices were incubated in oxygenated ACSF for 45 min, followed by bath application of 1 µM GSK6A or vehicle for 15 min, baseline recording for 30 min, and 50 µM DHPG application for 10 min. Fifty minutes after DHPG, GSK6A or vehicle were washed out and recordings continued for another 40 min. For details see Supplementary Materials and Methods.
Nesting behavior Nest construction was assessed 24 h after a new nestlet was placed in the home cage as described [20, 25] . All mice received drug or vehicle injections when the nestlet was placed in the cage. One group of mice additionally received one drug or vehicle injection 24 h before the start of the assay.
Marble burying
Marble burying was assessed as described [20] using 20 dark blue glass marbles arranged in a grid on 10 cm bedding in large cages 1 h after injection. For details see Supplementary Materials and Methods.
Audiogenic seizures
Mice were tested at postnatal days 18-22, in groups of two between 6:30 and 8:00 p.m. as described previously [20, 26] . One group of mice received injections 1 h before testing ( Fig. 2d;  Fig. S4c) . A separate group received two injections, 24 and 1 h before testing ( Fig. 2e; Fig. S4d , e). Mice were euthanized 30 min after the procedure; cortex and hippocampus were dissected and flash frozen on dry ice.
Open field activity Open field activity was analyzed 1 h after injection as described previously [27] . For details see Supplementary Materials and Methods.
Three-chamber social interaction assay Social behavior was measured using the three-chamber social interaction assay as described previously [28] . The mice received injections 1 h before testing. For details see Supplementary Materials and Methods.
Self-grooming Mice were scored for spontaneous grooming behaviors. Each mouse was placed individually into a standard mouse cage, illuminated at ∼100 lx. Trials were video-recorded for 10 min, and time spent grooming was recorded by a blinded rater. Mice received injections 1 h prior to the test.
Generation of prefrontal cortex-selective Fmr1 knockdown mice and behavioral testing of complex decision making Prefrontal cortex-selective Fmr1 knockdown mice were generated and higher-order decision-making strategies were tested as described [20] . Drug or vehicle were injected three times: after response-outcome contingency training, after reversal training and after the first day of extinction. For details, see Supplementary Materials and Methods.
Statistical analyses Statistical analyses were performed using GraphPad Prism, SigmaStat, and SPSS. Statistical tests were chosen based on study design (indicated in the figure legends). Tukey's post hoc analyses between WT and Fmr1 KO vehicle treated, as well as WT vehicle and Fmr1 KO GSK6A treated were performed for two-way analysis of variance (ANOVA) with significant interaction or main effects (p ≤ 0.05). All statistics are reported in the figure and/or legends. Sample sizes were based on previous studies [20, 24] . Outliers were defined as animals that differed more than 2 × standard deviation from the mean and are indicated in Supplementary Materials and Methods. KO mice (Fisher's exact test, *p = 0.011). Similar results were observed using a seizure scoring system (Fig. S4c, d ). Experiments were performed using male mice, except of e, for which male and female mice were used. No differences in seizure susceptibility or drug effect were observed in male compared to female mice (Fig. S4e) RESULTS A novel brain-permeable p110β-selective inhibitor normalizes increased Akt phosphorylation and protein synthesis in Fmr1 KO mice This study tests a novel potent CNS-permeable p110β-selective inhibitor developed by GlaxoSmithKline ("GSK6A" hereafter) for its capability to rescue molecular, cellular, behavioral, and cognitive defects in mouse models of FXS. GSK6A is based on a series of p110β-selective inhibitors that were recently developed [23, 29] . It maintains the key pharmacophoric elements found in the clinical compound (GSK2636771), which is currently in phase II development for treatment of PTEN-loss advanced solid tumors in adults (Fig. 1a) . In contrast to the clinical compound, GSK6A is CNSpermeable and, thus, suitable to modulate brain function. GSK6A is potent and selective for p110β and shows good oral bioavailability and high drug exposure in mice (Fig. 1b) . The brain/blood ratio is 1.32 in rats (Fig. S1 ), suggesting good brain permeability in mice as well [30] . Indeed, intraperitoneal (i.p.) injection of GSK6A in vivo significantly reduced Akt phosphorylation in hippocampal and cortical lysates of WT and Fmr1 KO mice 1.5 h later, confirming that the drug crosses the blood-brain barrier efficiently in mice (Fig. 1c, d ). The mice were subject to a sound stimulation to test for audiogenic seizure susceptibility (see Fig. 2d , e) 30 min before tissue extraction, but seizures did not affect Akt phosphorylation, and GSK6A reduced Akt phosphorylation in seized and non-seized Fmr1 KO mice ( Fig. S2a, b ; timeline shown in Fig. S5d ). Moreover, reduced Akt phosphorylation 1 h after GSK6A injection was confirmed in another cohort of naïve Fmr1 KO mice that had not experienced a sound stimulation, and the drug effect was not detectable anymore 24 h after drug injection (Fig. S2e, f) .
Extensive brain region-specific analyses in a different cohort of naïve mice further suggested that the effect of the drug to reduce Akt phosphorylation in Fmr1 KO mice is widespread throughout the brain, including amygdala, paraventricular nucleus of the thalamus, and nucleus accumbens (Fig. S2g-i) . In WT mice, a significant drug effect on Akt phosphorylation was only detected in hippocampal lysates but not the cortex. This may be due to higher expression levels of p110β in WT cortex compared to hippocampus, as observed in humans [31] , possibly requiring higher doses of the p110β inhibitor to be effective in cortex.
We next assessed the effect of drug and genotype on phosphorylation of S6, a downstream target of PI3K/mTOR previously shown to be increased in Fmr1 KO mice [24] . We tested both sound-exposed (Fig. S3a-f ) and naïve mice ( Fig. S3g-j) , and quantified phosphorylation at two different sites, namely Ser235/236 (Fig. S3a-d, g, h) , which is regulated by multiple signaling pathways [32] , and at Ser240/244 (Fig. S3e-j) , which is predominantly phosphorylated through the PI3K-mTOR-S6K1 pathway [33] . In contrast to Akt, S6 phosphorylation was not significantly affected by genotype or drug, except of Ser240/244 phosphorylation in the cortex, where a drug effect, but no differences in pairwise comparisons, was detected (Fig. S3j) .
A dose-response analysis in vitro showed that Akt phosphorylation was reduced 30 min after drug exposure with increasing concentrations of GSK6A in hippocampal slices of WT and Fmr1 KO mice, and that Akt phosphorylation in Fmr1 KO slices was affected more strongly (Fig. 1e) . To assess how GSK6A influences protein synthesis rates in FXS mice, we measured incorporation of puromycin into nascent peptide chains in hippocampal slices through western blot quantification [24, 34] . Treatment of hippocampal slices with 1 μM GSK6A for 30 min significantly reduced protein synthesis rates in Fmr1 KO hippocampal slices, but did not significantly affect WT slices ( Fig. 1f; Fig. S4a) , consistent with the hypothesis that excess PI3K activity contributes to elevated protein synthesis in FXS.
P110β-selective inhibition reduces aberrantly increased dendritic spine density and mGlu1/5-LTD in Fmr1 KO mice Increased dendritic spine density in the hippocampus and cortex is a well-characterized phenotype in humans with FXS and in Fmr1 KO mice [3] . Based on the assumption that changes in dendritic spine density require a longer drug exposure time than modifying protein phosphorylation, as well as our results that the drug effect was undetectable after 24 h, we anticipated that chronic treatment with the drug was needed to normalize dendritic spine density in Fmr1 KO mice. We used Golgi-Cox staining of hippocampal neurons to show that daily administration of GSK6A over 10 days reduced dendritic spine density on secondary apical dendrites of CA1 pyramidal neurons in both WT and Fmr1 KO mice (Fig. 2a) .
Fmr1
KO mice show exaggerated hippocampal mGlu1/5-dependent LTD [8] . To determine whether GSK6A normalizes LTD, mice were injected with either GSK6A or vehicle 1 h before hippocampal slice preparation. To avoid drug washout during LTD measurement, hippocampal slices were kept in either 1 µM GSK6A or vehicle during baseline recordings, during DHPG treatment, and for 50 min after induction of LTD. GSK6A treatment normalized mGlu1/5-LTD in Fmr1 KO mice at 50 and 80 min after LTD induction (Fig. 2b, c) . This effect was sustained after drug removal. In both WT and Fmr1 KO mice, GSK6A reduced induction of LTD immediately after DHPG application (Fig. S4b) , as was previously observed in Fmr1 KO mice with genetic deletion of S6K1 [24] . We thus cannot exclude the possibility that the observed rescue of LTD in Fmr1 KO mice after GSK6A treatment was caused by a genotype-independent reduction in the induction of LTD.
GSK6A reduces susceptibility to audiogenic seizures in Fmr1 KO mice
KO mice have increased susceptibility to sound-induced (audiogenic) seizures [35] . One injection of GSK6A 1 h before testing did not significantly change audiogenic seizure susceptibility in male Fmr1 KO or WT mice (Fig. 2d) , despite of reduced Akt phosphorylation throughout the brain (Fig. 1c, d; Fig. S2 ). Similar trends were observed when using a scoring scale that takes into account wild running and death (Fig. S4c) . GSK6A seemed to increase seizure susceptibility in WT mice after one dose (12.5% vs. 24.24%), but the effect was not significant (p = 0.34). The observed occasional seizures in WT mice might be due to specific housing conditions or the paradigm used (presentation of two 2-min sounds [26] ). Two consecutive injections 24 h apart significantly reduced the audiogenic seizure susceptibility in male and female Fmr1 KO mice tested 1 h after the second injection (Fig. 2e) . Again, similar trends were observed using the scoring scale (Fig. S4d) , and no sex-dependent differences were detected (Fig. S4e) .
P110β inhibition normalizes altered open field and marble burying behavior in Fmr1
KO mice We next tested the effect of pharmacological p110β inhibition on several behavioral and cognitive assays used in mouse models of FXS. In all assays, except nesting ( Fig. 4b-d; Fig. S6f ) and an operant conditioning task ( Fig. 5; Fig. S7 ), mice received one injection of drug or vehicle 1 h before the experiment. Several assays were performed on the same cohorts of mice, but the experiments and thus drug injections were in all cases at least 5 days apart, a time when we assume the drug effect has completely vanished (see Fig. S2e, f) . A detailed timeline of the assays, drug dosing, and age of the mice for each experimental group are shown in Fig. S5 .
First, we assessed whether GSK6A affects altered open field behavior in Fmr1 KO mice. Fmr1 KO mice spent significantly more time in the center zone of the arena and entered the center zone more frequently compared to WT mice (Fig. 3a, b) . One hour after GSK6A injection, Fmr1 KO mice spent less time in the center, entered the center less frequently, and were indistinguishable Isoform-selective phosphoinositide 3-kinase inhibition ameliorates a. . . C Gross et al.
from vehicle-treated WT mice (Fig. 3a, b) . GSK6A-treated or vehicle-treated Fmr1 KO mice and WT mice did not differ in the distance traveled, suggesting the absence of overall locomotor effects of drug or genotype in an open field (Fig. 3c) . FXS mice show increased marble burying and enhanced self-grooming [36] . One injection of GSK6A normalized excessive marble burying to WT levels in Fmr1 KO mice, but had no significant effect on this behavior in WT littermates (Fig. 3d) . We next tested the effect of GSK6A on time spent grooming. Although there was a significant drug-genotype interaction, and, on average, Fmr1 KO mice appeared to spend more time grooming than WT mice, which was reduced with GSK6A, we did not detect significant differences in pairwise comparisons (Fig. S6a) .
P110β inhibition restores social interaction in Fmr1
KO mice To assess the effect of GSK6A on impaired sociability in Fmr1 KO mice, we next used a three-chamber social interaction test, in which mice were allowed to interact with an unfamiliar mouse in one chamber or an object in another chamber. Mice were injected with GSK6A or vehicle 1 h before testing. Vehicle-treated WT mice spent significantly more time in the chamber with the mouse than with the object. In contrast, vehicle-treated Fmr1 KO mice showed no preference (Fig. 4a) . After GSK6A treatment, Fmr1 KO mice spent more time in the chamber with the mouse, suggesting increased sociability. GSK6A treatment in WT mice blunted social preference, which corroborates a role for p110β in social behavior (further discussed below). Very similar results were obtained when time spent close to the enclosure was analyzed (3 cm radial distance; Fig. S6b) , and no significant group differences in chamber entries were detected (Fig. S6c) . GSK6A slightly reduced mean distance traveled and mean speed regardless of genotype (Fig. S6d, e) .
Fmr1 KO mice are worse nest builders than their WT littermates, creating aberrant, disorganized nests [37] . One single or two consecutive daily injections of GSK6A did not significantly alter nest building in WT or Fmr1 KO mice ( Fig. 4b-d; Fig. S6f ).
P110β inhibition rescues decision-making abnormalities in Fmr1
KO mice To evaluate the potential of pharmacological inhibition of p110β to improve higher-order cognition in FXS, we next tested how GSK6A affects decision making. We have shown previously that Fmr1 KO mice and mice with prefrontal cortex-selective Fmr1 knockdown (PFC-Fmr1 KD ) are impaired in an operant conditioning assay [20] . As in our previous study, we generated PFC-Fmr1 KD mice by stereotaxic injection of Fmr1 short hairpin RNA (shRNA)-expressing lentivirus into the prefrontal cortex (see Supplementary Material and Methods for details). Knockdown of FMRP was confirmed using tissue punches extracted from the prefrontal cortex (Fig. 5a ). An overview of the testing and training paradigm is shown in Fig. 5b (also see Supplementary Material and Methods). Briefly, mice were trained to associate nose pokes at two different apertures with food reward. Then, the action-outcome association for one aperture was "degraded" (mice received food, uncoupled from nose pokes), whereas the other response remained rewarded (no change). Mice were then tested for their response preference. Next, the response contingencies were reversed, and response preferences were tested again. We replicated our previous results, showing that PFC- 
Fmr1
KD mice were able to learn to nose poke and initially differentiate between responses that were more or less likely to be reinforced (Fig. S7a, b) , but then failed to do so when the response-reward relationships were inverted (Fig. 5c ). Administered immediately after the "degradation" training day (during memory consolidation), the p110β inhibitor restored behavioral flexibility, such that PFC-Fmr1 KD mice were able to selectively engage the response most likely to be reinforced (Fig. 5c) . No defects in marble burying or nesting behavior were observed in the PFC-Fmr1 KD mice (Fig. S7c, d ), confirming that behaviors that would not be expected to be affected by PFC function were indeed spared. Using gross tissue punches extracted from the prefrontal cortex, we also found that site-selective Fmr1 knockdown increased phosphorylation of Akt, which was normalized to control levels by GSK6A treatment 1 h before tissue collection (Fig. 5d) .
The decision-making profiles described above can also be expressed as preference ratios wherein ratios >1 indicate a preference for the reinforced (rewarded) response, whereas a ratio of 1 reflects non-selective responding (i.e., a cognitive impairment). As expected, vehicle-treated PFC-Fmr1 KD mice generated a ratio of 1, and we detected a robust main effect of GSK6A (ratio >1), suggesting that in both control and Fmr1 knockdown mice, p110β inhibition improved goal-directed behavior and behavioral flexibility. Importantly, the same profile was detected in Fmr1 KO mice tested under identical conditions, suggesting that GSK6A likewise rescued behavioral flexibility in Fmr1 KO mice (Fig. 5e) .
Last, Fmr1 KO and WT mice were trained to press a novel lever for a food reward. Then, we withheld the food pellets entirely to assess response extinction, a form of PFC-dependent learning and memory. We administered GSK6A immediately following an initial extinction training session, during the presumed consolidation of new learning. The next day, Fmr1 KO mice treated with vehicle generated more responding than other groups, indicating impaired extinction. GSK6A normalized responding, suggesting that extinction consolidation was rescued (Fig. 5f) .
DISCUSSION
This study reveals that pharmacological inhibition of the PI3K catalytic isoform p110β rescues a broad-spectrum of phenotypes in an FXS mouse model. Our work therefore encourages future studies into the clinical efficacy of p110 isoform-selective inhibitors in individuals with FXS. From a more general perspective, this work demonstrates successful preclinical repurposing of a compound, which was originally developed to treat cancer, for a brain disorder.
FMRP associates with the mRNA of the PI3K catalytic subunit p110β and inhibits its translation, leading to increased levels and activity of p110β in FXS mouse models and cells from individuals with FXS [16] [17] [18] [19] 38 ]. Here we show that GSK6A, a p110β isoform-selective inhibitor, reduced aberrant molecular signaling, protein synthesis, dendritic spine density, and hippocampal LTD, reversed behavioral abnormalities and improved cognitive function in FXS mice. This broad-spectrum phenotypic rescue spanning molecular, cellular, behavioral, and cognitive domains, together with previous findings that p110β is directly regulated by FMRP, supports our hypothesis that GSK6A targets a disease mechanism contributing to FXS etiology. Further supporting this notion, GSK6A had a significantly stronger effect on Akt phosphorylation in Fmr1 KO hippocampal slices compared to WT (Fig. 1e) . P110β-selective inhibition also reduced elevated protein synthesis in Fmr1 KO hippocampus but did not affect protein synthesis rates in WT conditions (Fig. 1f) . This suggests that overactive p110β is a critical mediator of aberrant PI3K signaling and protein synthesis in the hippocampus of Fmr1 KO mice. Previous studies have shown increased S6 phosphorylation in Fmr1 KO mice, and genetic or pharmacologic reduction of S6 kinase, a direct regulator of S6, rescued molecular, cellular, and behavioral phenotypes in Fmr1 KO mice [12, 24] . Here, we did not Fig. 5 Impaired decision making in PFC-Fmr1 KD mice and in Fmr1 KO mice is normalized by pharmacological inhibition of p110β. a FMRP is reduced in gross prefrontal cortical tissue punches containing both infected and non-infected tissue from mice injected with Fmr1 shRNAexpressing lentivirus compared to scrambled shRNA-expressing lentivirus (n = 13, independent t test, t(24) = 2.431, *p = 0.023). Representative western blot at top. Vehicle-treated and drug-treated mice were combined for the analysis. b Timeline of the PFCdependent reward-related decision-making task to test goal-directed behavior in FMRP-deficient mice. (Note that Fmr1 KO mice were additionally tested in an extinction assay following this test.) c PFC-selective Fmr1 knockdown mice initially learn to differentiate between rewarded and non-rewarded actions (Fig. S7a, b) . However, after reversal of the response-reward contingencies, they respond non-selectively. GSK6A rescued these deficits (three-way ANOVA, p(Fmr1 × GSK6A × response choice interaction) = 0.036, F(1,40) = 4.7; post hoc *p < 0.05). d Western blot analyses of PFC tissue punches confirmed that site-selective Fmr1 knockdown increased Akt phosphorylation, which was normalized to WT levels with GSK6A (two-way ANOVA with Tukey's post hoc tests: p(drug) = 0.0043, F(1,23) = 10.0; p(shRNA) = 0.0032, F(1,23) = 10.8; p(interaction) = 0.032, F(1,23) = 5.2; *p = 0.0028, # p = 0.0035). e Ratios of rewarded/non-rewarded responses showed lack of discrimination (ratio of 1) in both PFC-selective Fmr1 knockdown mice (black/white) and constitutive Fmr1 KO mice (dark gray/light gray), which was rescued by GSK6A treatment in both conditions (both, two-way ANOVA: p(drug) < 0.001; F(1,72) = 17.2). f Fmr1 KO mice also show impaired response extinction, which was normalized to control levels by GSK6A (three-way repeated-measures ANOVA, p(genotype × treatment × session) = 0.042, F(2,62) = 3.33; post hoc *p < 0.05) detect a genotype-dependent or drug-dependent difference in S6 phosphorylation (Fig. S3) . S6 phosphorylation is sensitive to environmental factors such as novelty and age [32] . We thus speculate that the sound exposure (Fig. S3a-f ), housing conditions ( Fig. S3g-i) , or age might have masked a potential increase in S6 phosphorylation in Fmr1 KO mice in our study. Nevertheless, we report a robust effect of drug and genotype on Akt phosphorylation, a more immediate downstream target of PI3K activity (Figs. 1c-e, 5d; Fig. S2 ).
In line with the reduction of enhanced protein synthesis and signal transduction, GSK6A also normalized exaggerated mGlu1/5-dependent LTD in Fmr1 KO hippocampal slices (Fig. 2b, c) . The exact mechanisms of how p110β inhibition rescues the LTD phenotype in FXS are unclear. Previous studies have shown that dysregulated expression of specific proteins, such as Arc/Arg3.1 or CaMK2α, plays a role in exaggerated LTD in FXS [39, 40] . Correction of Arc/Arg3.1 and CaMK2α expression through GSK6A's effect on overall protein synthesis might thus partly contribute to the observed rescue of altered LTD. Increased CaMK2α leads to enhanced phosphorylation of the scaffolding protein Homer, which impairs its coupling to mGlu1/5 receptors [40] , a mechanism suggested to underlie the LTD phenotype in FXS [41] . Of note, in addition to CaMK2α, Homer appears to be phosphorylated by Akt [42] . It will be interesting to test whether reduction of overactive Akt in Fmr1 KO hippocampal slices by p110β inhibition reduces phosphorylation of Homer and thus contributes to the rescue of exaggerated LTD.
GSK6A normalized behavioral impairments in FXS mice in a wide range of paradigms at the same dose that normalized increased PI3K signaling in hippocampus, cortex, amygdala, nucleus accumbens, and paraventricular nucleus of the thalamus. We speculate that this correction of signal transduction may transiently restore normal synaptic plasticity in these brain areas, thereby improving a variety of behavioral functions. A limitation of this study was that, except for the assessment of dendritic spine density, we only tested the effect of acute GSK6A administration. Notably, impaired nesting behavior was not rescued with one or two injections of GSK6A (Fig. 4b-d) , and audiogenic seizures were only reduced after two consecutive doses (Fig. 2d, e) . Chronic drug dosing may thus be necessary to rescue certain behaviors.
Daily treatment with the drug for 10 days (to assess effects on dendritic spine density, Fig. 2a ) had no obvious effect on overall health of the mice. Mammals express four different isoforms of the class 1 PI3K catalytic subunit, which have overlapping and unique functions [43] . We speculate that these other PI3K isoforms can compensate for chronically reduced p110β activity to sustain essential non-neuronal functions of PI3K signaling, such as cell growth and proliferation. GSK6A reduced distance traveled in the social paradigm regardless of genotype, in contrast to our results in the open field paradigm. A previous study showed that chronic treatment with different PI3K isoform-selective inhibitors at high doses for several weeks reduced activity in mice during the light phase [44] . However, one dose of a selective inhibitor to p110δ did not affect basal locomotor activity in mice [45] , in line with our results. We therefore conclude that the effect in the social interaction assay was paradigm-related and not due to overall reduction in activity.
In some instances, we observed an effect of GSK6A on behavior in WT mice, in addition to the rescue of phenotypes in Fmr1 KO mice. Several other p110 isoforms were reported to influence cognition and behavior in mice, with sometimes opposing effects of what we have observed with p110β inhibition. Genetic deletion of the class 1b PI3K subunit p110γ, for example, reduced behavioral flexibility [46] . In contrast, p110β inhibition overall improved behavioral flexibility in Fmr1-intact control mice in our study (Fig. 5c, e) . Moreover, the p110β inhibitor blunted the preference of WT mice for another mouse vs. an object in the social interaction assay (Fig. 4a) , whereas an inhibitor of the closely related class 1a PI3K isoform p110δ did not affect WT mice in a similar social interaction paradigm, but rescued impaired social interaction and cognition in a mouse model of schizophrenia [47] . As correction of excess p110β activity in Fmr1 KO mice rescued a deficit in social behavior, we hypothesize that tightly regulated p110β activity is essential for typical social behavior. Together, these studies demonstrate important and selective functions of p110 isoforms in behavior and cognition.
Several other behaviors, such as audiogenic seizures, nesting, and open field behavior, appeared to be changed by the p110β inhibitor in WT, although none of those effects reached significance. Nevertheless, the fact that GSK6A alters behavior in WT mice supports the argument that finely regulated p110β activity is essential for normal behavior. Chronic treatment studies with therapeutically relevant doses in Fmr1 KO mice are needed to assess whether p110β inhibition has undesirable side effects, in addition to its favorable effects on molecular, cellular, behavioral, and cognitive phenotypes.
FXS is by far not the only brain disorder characterized by altered signaling through the PI3K/mTOR pathway [2, 48, 49] . While the PI3K/mTOR pathway is pharmacologically targetable, its general inhibition can have severe side effects. Strategies that use PI3K isoform-selective inhibitors that only partially inhibit the PI3K/ mTOR pathway, as done in this study, could thus be beneficial for many brain disorders.
GSK6A is a closely related analog to a compound that was originally developed for cancer treatment and is currently being evaluated in clinical trials with cancer patients. Our preclinical study in mice suggests that p110β-selective inhibitors, such as GSK6A, may improve phenotypes in FXS, and could thus be repositioned for the use in this brain disorder. This is in line with recent observations that the same pathways are often affected in cancer and autism [50] . Common mechanisms for altered cell growth control and synapse function due to overactive PI3K support the idea that selective inhibitors that were developed for the treatment of cancer may prove useful for autism. By exploring these shared pathways, translational research in FXS could greatly benefit from the advances in drug development for cancer treatment.
